Escherichia coli O157:H7 (E. coli O157:H7) is one of the top pathogens of interest for the development of rapid diagnostic systems for food and water samples. The objective of this research is to develop a rapid, novel electrochemical biosensor based on the use of polypropylene microfiber membranes coated with a conductive polypyrrole and antibody functionalized for the biological capture and detection of E. coli O157:H7 in the field. Using glutaraldehyde, pathogen specific antibodies are covalently attached to conductive microfiber membranes which are then blocked using a 5% bovine serum albumin solution. The functionalized membranes are then exposed to E. coli O157:H7 cells washed in Butterfield's phosphate buffer and added to a phosphate-buffer electrolyte solution. When a voltage is applied to the system, the presence of the captured pathogen on the fiber surface results in an increase in resistance at the electrotextile electrode surface, indicating a positive result. In this study, the initial resistance of the membrane in the electrochemical system was established and found to range between 5.8 kΩ and 13 kΩ. The resistance of the system not associated with the electrotextile fibers was calculated to contribute to only 2.8% of the total system resistance, and found not to be significant. A proof of concept experiment was conducted and determined that the electrotextile electrode was able to differentiate between small changes in a solution's conductivity associated with the presence of E. coli O157:H7 cells over a concentration range of log 0 -9 CFU/mL.
Introduction
Although food and waterborne pathogens do not have as significant an effect on US military operations as they have in the past, enteric pathogens are still one of the top causes of non-combat related injuries in the field and are therefore one of the primary military medical concerns for deployed troops [1] . Gastroenteritis was the leading cause of illness among troops during Operations Desert Shield (1990 Shield ( -1991 and Desert Storm (1991) [2] . This is a significant issue for the military to address because an outbreak of diarrheal disease in the field has the ability to rapidly affect a large number of war fighters. During Operation Restore Hope (1992 -1993) , it was shown that 16% of all hospital admissions were for diarrheal illness [3] . Of these admissions, 16% could be traced back to Escherichia coli (E. coli). Various studies on diarrheal illness in deployed troops have listed an array of enteric pathogens as the source with the most commonly occurring ones being: Shigella, E. coli, Salmonella, and Campylobacter species [2] [3] [4] [5] . The ability to rapidly and accurately detect enteric pathogens with low infective doses, such as E. coli O157:H7, in the field has significant importance.
Biosensors are one technology being developed in order to improve pathogen detection and reduce response times. Immunobiosensors utilize pathogen specific antibodies coupled to a transducer as the biological recognition element for detection [6] . The use of antibodies in the design of a biosensor is beneficial because, as the field of clinical immunoassays has shown, the benefits of the antibody-antigen reaction include high binding efficiency and specificity for detection. In addition, antibodies can be generated against nearly any bacterial pathogen. The faster speed and lower cost of immunobiosensors versus standard detection methods and biosensors using other biorecognition techniques, such as DNA, have made them especially marketable for use in food matrices [7] [8] [9] . In an electrochemical biosensor, the biological recognition element is immobilized on an electrode, which then converts the biological recognition event (i.e. antibody-antigen binding) into a measurable electrical signal [6] . Electrochemical biosensors are generally less expensive than optical detection methods and are easier to use with turbid samples. Electrochemical impedance/resistance based sensing also does not require enzyme labels or redox mediators to facilitate detection the way optical based sensing does [10] . Instead, a measurable system response is created when the biological recognition event disrupts the flow of either the current or the potential at the working electrode while the reference electrode maintains a constant potential [6] . In order for biosensor technology to advance and surpass common pathogen detection techniques, such as polymerase chain reaction (PCR) and culture/colony counting, the current drawbacks of biosensors must be addressed. These include high cost, low durability, a lack of environmental robustness for in field testing, detection limits that do not reach those of traditional techniques, and a necessity for extra extraction methods to be performed before use which adds to the total detection time.
One approach for addressing some of the drawbacks of current biosensor technology is through the development/ use of nonwoven fibers to create "electrotextiles". Highsurface area non woven electro textile membranes are versatile materials that can be developed into "smart membranes" designed for use with all forms of sensor signal transduction. Research is scarce, however, regarding the integration of electrotextile, biological, and electrical technology to create novel biosensor systems for applications such as food protection and environmental sampling. Previous work has been done to develop electrically active non-metallic textile coatings made of doped polypyrrole polymer [11] [12] [13] [14] . By producing a conductive polymer coating on nonwoven microfibers, an electrochemical biosensor electrode can be created that is less expensive than its planar metal counterpart [15] . The overlapping fiber layers also have more available surface area than planar electrodes, resulting in more potential target attachment sites. In addition, these electrotextile electrodes can be engineered to be durable, disposable, lightweight, and require minimal attachment chemistry. These qualities make them ideal for in field use. The chemical composition of nonwoven fibers and their coatings can also be easily changed or adjusted based on their intended use. Small changes to the processing parameters can change the fiber diameter, mesh size, porosity, texture, or weave pattern. This processing flexibility makes them a very versatile material for sensor development. They can be designed to be used with many different analytes and experimental conditions and can be designed to have high chemical stability [16] . The ability to use antibody functionalized fibers for the capture and concentration of target analytes has been previously demonstrated with electrospun nanofibers and a carboxyl functional group (-COOH) [17, 18] . With the attachment of biological recognition elements to the electrotextile surface, these electrodes have the capacity to perform pathogen capture, concentration, and detection. This would simplify a food pathogen biosensor, resulting in a significantly smaller and lighter detection system.
A non woven polypropylene electro textile coated with a pyrrole and 3-thiopheneacetic acid (3-TAA) conductive copolymer has been developed [19, 20] . Studies were conducted to look at the effects of the inclusion of different monomers, reaction solvents, and a dopant. Analysis was also done to determine the best concentration of oxidant and functionalizing monomer to use. The successful attachment of antibodies to the coated fibers for the capture of bacterial cells using this electrotextile has been previously reported [18] . Bhattacharyya et al. have shown that a nylon electrotextile coated with a 3,4-ethylenedioxythiophene (EDOT) and 3-thiopheneethanol (3-TE) copolymer functionalized with avidin can be used to detect biotin in solution [21] . They observed that the textile resistance increased as the concentration of biotin protein in the solution increased and that the resistance of each sample also increased over time. These increases in resistance were theorized to be the result of the surface bound avidin on the electrotextile reacting with the biotin in solution and that the attachment of the biotin to the surface altered the electrical environment close to the electrode layer. This same theory can be applied to our sensor, the average resistance for each bacterial sample increases as the bacterial cells impede the flow of electricity through the electrode. This response becomes larger and more significant as the concentration of cells in solution increases.
There were three objectives to this study in order to establish a proof of concept for our sensor: First, to determine the resistance of the electrotextile membrane in the electrochemical cell; second, to determine what effect the rest of the system has on the total resistance and if that effect is significant; and third, to determine if the electrotextile electrode can differentiate between small changes in the conductivity of a solution due to the addition of target bacterial pathogens. In order to achieve these objectives, experiments were conducted using serial dilutions of E. coli O157:H7. First, resistances were measured in the system with and without the conductive electrotextile in order to determine the baseline resistances for the system components and how much they contribute to the total measured sensor resistance. Next, multiple measurements were conducted over a large range of bacterial concentrations and evaluated to determine if the detected change at each concentration was significantly different from the established baseline values. We have shown that a rapid, novel electrochemical biosensor based on the use of polypropylene microfiber membranes coated with a conductive polypyrrole and antibody functionalized can be used for the detection of Copyright © 2012 SciRes. OJAB
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E. coli O157:H7. To our knowledge, this is the first time a functionalized conductive copolymer coated nonwoven electrotextile has been used with immobilized antibodies as an electrode for the successful electrical detection of live bacterial cells.
Materials and Methods

Materials
Nonwoven polypropylene microfibers were obtained from North Carolina State Nonwovens Cooperative Research Institute. For the polymer synthesis, the monomer used was a 10% pyrrole solution that was copolymerized with carboxylic acid functional 3-TAA. The oxidant was iron (III) chloride (FeCl 3 ). The polymer was doped using 5-sulfosalicylic acid (5-SSA). All of the polymerization chemicals were obtained from Sigma-Aldrich (St. Louis, MO). Covalent attachment of KPL (Gaithersburg, MD) BacTrace antibody goat anti-E. coli O157 was performed using glutaraldehyde (Sigma-Aldrich) and deactivating buffer (0.2 M Tris, 10 mM sodium cyanoborohydride (Sigma-Aldrich)) and blocked with bovine serum albumin (BSA) (Sigma-Aldrich).
Electrotextile Synthesis
Electrotextile synthesis was conducted according to previously published techniques [18] . Briefly, an aqueous deposition process of conductive and functional polymer coatings upon a polypropylene fiber matrix was used, as described below. A 6 cm × 8 cm polypropylene microfiber mat was submerged in a 10% pyrrole and 3-TAA (10 mg/mL) solution, creating a functionalized monomer that was absorbed onto the fiber mat. The wet fiber sample was then removed from the solution and laid flat in a glass reaction vessel for polymerization. FeCl 3 (0.1 M, 30 mL) was added to the sample to initiate the chemical reaction while a dopant, 5-SSA (0.1 M, 3 mL), was simultaneously added. The fibers in solution were incubated at room temperature for 30 minutes with constant agitation, thereby ensuring that polymerization occurred on both sides of the mat. The nonwoven fiber sample was removed from the solution, gently washed on both sides with deionized (DI) water, and dried at room temperature overnight.
Antibody Immobilization
Covalent attachment of the anti-E. coli O157 antibodies onto the electrotextile fiber surface was conducted following a previously published technique [18] . Briefly, the conductive nonwoven fiber mats were cut into 2 cm × 2 cm squares. The fiber squares were washed with 0.01 M phosphate-buffered saline (PBS), pH 7.4, and dried for 10 minutes. After drying, a volume of 3 mL of 2.5 mM glutaraldehyde was applied to each disc and incubated for 1 hour at 4˚C. After incubation, the discs were washed with 0.01 M PBS and dried for 10 minutes. A volume of 4 mL of antibody (10 µg / mL in PBS) was then applied to each disc and incubated for 15 minutes at 37˚C. The discs were washed with 0.01 M PBS, dried for 10 minutes, and then 3 mL of deactivating buffer was applied and allowed to react at 37˚C for 15 minutes. A 5% BSA block was added and reacted at room temperature for 1 hour. The discs were washed twice with PBS, and then once with PBS containing 0.1% Tween-20 (PBST).
Cell Culture Preparation and Enumeration
E. coli O157:H7 Sakai strain was obtained from the Michigan State University Food Safety and Toxicology Center. Cell cultures were grown to a concentration of roughly 10 8 colony forming units (CFU)/mL based on strain specific growth curves in tryptic soy broth (TSB) at 37˚C. A 10 mL volume of cell culture was removed and centrifuged for 5 minutes at 5000 rpm. The pelleted cells were washed with Butterfield's phosphate buffer (BPB), pH 7.2. This wash procedure was performed in triplicate. The cells were resuspended (10 mL) and then serially diluted using BPB. A volume of 100 µL of the 5th, 6th, 7th, and 8th dilutions as well as the blank control sample, sterile BPB, was plated in triplicate onto MacConkey-sorbitol (SMAC) agar and incubated overnight at 37˚C. Sample concentration estimates were calculated using standard estimation methods based on the average plate counts [22, 23] .
Resistance Measurements and Electrical Theory
Resistance values were obtained by connecting the electrotextile electrodes to a potentiostat with two stainless steel alligator clip. The experimental setup can be seen in Figures 1 and 2 . Briefly, the antibody bound 2 cm × 2 cm electrotextile squares were completely submerged in a beaker containing 0.1 M phosphate buffer (18 mL, pH 7.4) while attached to the potentiostat in order to establish a baseline resistance for the fibers. After 30 minutes, a 2 mL sample from the E. coli O157:H7 serial dilutions was added, bringing the total solution volume to 20 mL. Constant potential amperometry (0.5 V), where a constant potential is applied and the current is measured, was used and the current values were recorded at fixed time intervals over 15 minutes. Previous studies have demonstrated that a potential of 0.2 V to 0.8 V is a preferable input signal when dealing with whole cells or other biological elements [24] [25] [26] [27] . Based on this information, the potential of 0.5 V was arbitrarily selected.
Because a direct current (DC) power source was used with a constant potential, the measured currents at each time point could be used to calculate the total resistance of the system based on Ohm's law, Equation (1). Ohm's law states that the current flowing through a conductor, at a constant temperature, is directly proportional to the potential difference across the points of applied voltage.
V IR
where V is the potential across, I is the current through, and R is the resistance of the system. The ratio of V/I indicates the resistance value at that point in time. To validate the use of this equation, a linear sweep was performed on the electrotextile. A linear sweep is a voltammetric method where the applied potential to the electrode is linearly varied in time. A material that produces a linear response to a linear sweep is described as an ohmic material, a material that exhibits ohmic behavior.
Data showing ohmic behavior of the electrotextile is shown in Figure 3 . The electrotextile exhibits ohmic behavior across the potential range of interest, meaning that it obeys Ohm's law, as the potential increases, themeasured current increases proportionally. The electrotextile can therefore be used as an electrode for this study.
The complete system setup can be viewed as a simple circuit with two resistors in parallel, as can be seen in Figure 4 . The resistance caused by interactions at the conductive fiber electrode surface would be considered resistor 1 (R1) and any resistance occurring due to interactions between the buffer solution and the rest of the system components would be considered resistor 2 (R2). Based on the theory of parallel resistors, these two resistances combine to form the total resistance of the system (RT) as seen in Equation (2).
R2 can be determined by measuring the resistance of the system when the conductive fiber electrode is not present. Once measured values for RT and R2 have been obtained, R1 can be calculated. In order to determine if the effect of R2 is significant in the system, it is important to look at how much it contributes to RT. Equation (3) was used to determine what percentage of the total system resistance, RT, was due to R2.
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Equation (3) calculates the contribution to RT from R2 as a percentage, where ΔR is equal to the difference between RT and R1, or the difference in the total system resistance due to R2. 
Determining System Resistances
In order to address objective 1, squares (2 cm × 2 cm) of the electrotextile fabric were attached to the potentiostat in phosphate buffer and their amperometric response to the addition of E. coli O157:H7 samples at calculated concentrations of 10 0 , 10 3 , 10
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, and 10 8 (log 0, 3, 5, and 8, respectively) CFU/mL as well as a control (BPB, 0 CFU/ mL) at fixed time points over 15 minutes was recorded. Using Equation (1), RT was calculated.
Determining the System's Component Contributions
In order to address objective 2, the procedure described in Section 2.6 was performed using 2 cm × 2 cm squares of non-coated, non-functionalized polypropylene fibers. Using Equation (1), these values were designated as R2. Using Equation (2), the value of R1 at each time point was calculated. Once the values of R1, R2 and RT were established, Equation (3) was used to determine the percent contribution to RT that was due to the resistance from R2. Significance was tested by using a Student's t-Test (1 tail, α = 0.05).
Using the Electrotextile as a Resistance Based Sensor
To address objective 3, squares (2 cm × 2 cm) of the electrotextile fabric were attached to the potentiostat in phosphate buffer and multiple measurements were first taken using the electrotextile electrodes and constant potential amperometry with a pure BPB solution over several days to establish the range of the initial baseline values for the system. Triplicate measurements were taken using the electrotextile electrode and constant potential amperometry to establish the resistance values for a control sample (BPB, 0 CFU/mL) and E. coli O157:H7 at concentrations of 10 1 , 10 4 , 10 6 , and 10 9 (log 1, 4, 6, and 9, respectively) CFU/mL. The resistances for each concentration at each time point were averaged to determine an average resistance value for each concentration. The resistance of the sensor at each bacterial concentration was tested against the values of the control using a Student's t-Test (1 tail, α = 0.05) to determine significance.
Results and Discussion
The purpose of this study was to determine: the resistance of the membrane in the electrochemical cell; what effect the buffer solution has on the total resistance of the system and if that effect is significant; and if the electrotextile electrode can differentiate between small changes in the conductivity of a solution due to the addition of target bacterial pathogens. As a result of this study a functionalized conductive copolymer coated nonwoven electrotextile was successfully used as an electrode with immobilized antibodies on the surface for the successful electrical detection of live bacterial cells for the first time. This technology has the potential to be used in the development of light-weight, flexible, inexpensive, and disposable field based systems for the rapid detection of various target pathogens.
Determining System Resistances
Using the method described in Section 2.6, amperometric responses to the addition of E. coli O157:H7 samples at calculated concentrations of 10 0 , 10 3 , 10 5 , and 10 8 ( log 0, 3, 5, and 8, respectively) CFU/mL as well as a control (BPB, 0 CFU / mL) at fixed time points over 15 minutes were recorded. Using Equation (1), RT was calculated, achieving objective 1. These results can be seen in Figure 5 .
The average total system resistance (RT) ranged from 5.8 to 7.3 kΩ, with the resistance increasing as the concentration of bacterial cells in solution increased. The 
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cytoplasm of live bacterial cells has been previously reported to have a resistivity of 10 6 Ω/cm 2 , which explains this phenomenon [28, 29] . The measurements appeared to settle at a near constant resistance after roughly 2 minutes had passed and the system had reached equilibrium.
Determining the System's Component Contributions
In order to complete objective 2 the method described in Section 2.7 was performed. The difference between the methods described in Sections 2.6 and 2.7 is that in Section 2.7 2 cm × 2 cm squares of non-coated, non-functionalized polypropylene fibers were used. Using Equation (1), these values were designated as R2. Using Equation (2), the value of R1 at each time point was calculated.
The average resistance of the system without the coated fibers (R2) ranged from 10.5 MΩ to 21.5 MΩ, a 10 3 magnitude difference from the values of R1. The values of R2 for each cell concentration exhibited the same general trend as seen with the values of RT, but were more variable with random fluctuations occurring as late as 10 minutes into the measurement. This is most likely due to the fact that at such high resistance, and therefore low current levels, the measured values were near the limit of sensitivity for the potentiostat and difficult to separate from the regular system noise. The values of R2 also had larger standard deviations, ranging from 7.8 to 37.8 MΩ, as compared to 1.2 to 1.5 kΩ for the values of RT.
With the values of R1, R2 and RT established, Equation (3) was used to determine that at its maximum point, the contributed resistance from R2 was calculated to be 2.8% of the total system resistance. After 2 minutes, R2 contributed at maximum only 0.73% to the total system resistance, with the average percentage of RT due to R2 being 0.09%. A Student's t-Test (1 tail, α = 0.05) was performed and found no significant difference between RT and R1 at any of the tested concentrations. With R1 contributing over 97% of the value of RT, RT and R1 were determined to be essentially equivalent. All future reported resistances and analysis for the sensor are based on the value of RT.
Using the Electrotextile as a Resistance Based Sensor
Multiple measurements were taken using the electrotextile electrodes and constant potential amperometry with a pure BPB solution over several different days to establish a baseline range for the system. The sensor was found to have an initial resistance range of 5.8 kΩ to 13.0 kΩ with an average value of 9.6 kΩ (standard deviation = 3.1 kΩ).
This range can be attributed to variability in the polymer synthesis and deposition process as well as the potential for inconsistencies of the amount and orientations of the bound antibodies and blocking proteins between the fiber membranes. Because of this range in the initial baseline for the system, it is important to evaluate the system based on the response of each individual sensor and the average observed trends across multiple sensors. Triplicate measurements were taken using the electrotextile electrode and constant potential amperometry to establish the resistance values for a control sample (BPB, 0 CFU/mL) and E. coli O157:H7 at concentrations of 10 1 , 10 4 , 10 6 , and 10 9 (log 1, 4, 6, and 9, respectively) CFU/ mL. A time of 2 minutes was determined to be necessary to reach system equilibrium. The resistances for each concentration at each time point were averaged and the value after the initial 2 minute equilibrium time can be seen in Figure 6 .
The relatively smooth stacked lines for each of the samples indicate that the resistance of the sensor at each concentration is not significantly changing over the 15 minute period. The resistance for each sample increases as the concentration of cells increases. This trend can also be seen in Figure 7 , where the individual resistance values at each time point after 2 minutes for each sample concentration were averaged together to determine an average resistance for each sample.
In Figure 7 , it can be seen that the differences in resistance values between samples are smaller at the high concentrations than the differences observed between the lower half of the concentrations. This is most likely due to the fibers reaching a threshold for attachment on the surface, so that the increase of cells in the sample is no longer generating a proportional increase on the system resistance. The surface attachment capabilities could be improved by decreasing the size of the fibers, allowing more fibers per square centimeter and therefore increasing the surface area of the fiber mats. It can also be improved by attaching more antibodies to the fibers and decreasing the amount of blocking agent being used.
The resistance of the sensor at each bacterial concentration was tested against the values of the control using a Student's t-Test (1 tail, α = 0.05) to determine significance. The resistance at each concentration of E. coli O157:H7 tested was determined to be significantly different from the blank. The Student's t-Test was also used to determine that, after 2 minutes, the resistances measured at each concentration were significantly different than at every other tested concentration. This shows that the electrotextile electrode is capable of differentiating between small changes in conductivity due to the addition of bacterial pathogens to the system. It also has the potential to eventually be used as a simple sample capture and read system for pathogen detection.
Conclusion
A high surface area electrotextile based biosensor has been developed by the aqueous deposition of a functionalized conductive copolymer onto a nonwoven polypropylene microfiber mat. Pathogen specific antibodies were covalently attached to the fibers using glutaraldehyde. The proof of concept for the system was established by measuring the resistance response of the fibers when they were exposed to a target pathogen in solution over 15 minutes. By evaluating the system as a circuit with two resistors in parallel, it was found that the average resistance of the electrotextile electrode in phosphate buffer without any bacterial cells present ranged from 5.8 kΩ -13.0 kΩ. The resistance of the system not associated with the electrotextile fibers was calculated to contribute to only 2.8% of the total system resistance, and was determined not to be a significant contribution. Finally, the biosensor system was shown to be able to differentiate between small changes in conductivity due to the presence of a target pathogen in a solution over a sensitivity range of log 0 -9 CFU/mL. This technology has the potential for application in the development of a lightweight, flexible, inexpensive, and disposable field based system for the rapid detection of various target pathogens.
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